Abstract: Plaque rupture and thromboembolism play a major role in atherosclerotic acute syndrome. Experimental studies have demonstrated the potential direct anti-atherosclerotic effects of calcium antagonists. We investigated the in vitro effect of lercanidipine (REC 15/2375), a third-generation, highly lipophilic calcium antagonist on cholesterol metabolism and matrix metalloproteinases secretion in macrophages, two functions that predispose plaques to rupture. Lercanidipine (10 −6 -10 −5 M) inhibited cholesterol esterification in macrophages and reduced cellular free and esterified cholesterol accumulation from acetylated LDL (63%, 62% of control P < 0.05, respectively). In addition, lercanidipine inhibited the release of metalloproteinases in the extracellular medium (50% and 95% inhibition at 10 −5 M for MMP-9 and MMP-2, respectively). Experiments performed with lercanidipine enantiomers or other dihydropyridine derivatives, endowed with different lipophilicity and affinity for calcium channels, indicated that the above effects could be related to the lipophilic, but not to the calcium channel blocking properties of these molecules. When cells, after exposure to the drug, were allowed to equilibrate, lercanidipine inhibitory action could be observed at initial concentrations as low as 10 −9 M, which is the actual concentration range observed in plasma in clinical settings. In conclusion, our data indicate that lercanidipine may exert potent anti-atherosclerotic effects by inhibiting macrophage functions involved in plaque stability.
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Key Words: atherosclerosis, calcium antagonists, macrophages, cholesterol esterification, metalloproteinases P harmacological control of atherosclerosis may be achieved by both controlling cardiovascular risk factors and by directly modulating major cellular processes involved in atheroma formation. The composition and vulnerability of plaque are major determinants of atherosclerosis complications, such as plaque disruption and superimposed thrombosis. 1 Macrophages infiltrated in the lesion play a major role in determining its stability. These cells may accumulate esterified cholesterol in the atheromatous core and may weaken the fibrous cap by secreting specific metalloproteinases (MMPs) that degrade the extracellular matrix. 2, 3 The well-documented therapeutic efficacy of statins may at least in part be due to their ability to directly modulate these two macrophages functions. 4, 5 Dihydropyridine calcium antagonists (CAs) are among the first drugs showed to possess a direct anti-atherosclerotic activity in experimental models. 6 However, clinical trials either did not or only weakly supported the relevance of this effect in humans. 7, 8 In our laboratory, we previously demonstrated that the lipophilic CA lacidipine, but not nifedipine, may inhibit AcylCoA:cholesterol Acyl Transferase (ACAT) in macrophages and consequently the intracellular cholesteryl esters formation, 9 and may inhibit also the secretion of metalloproteinases. 10 Moreover, a direct effect on the arterial wall was consistently observed in vivo in rabbits. 9, 11 The antiatherosclerotic effect of lacidipine appeared to be unrelated to calcium channel blockade or blood pressure reduction. [9] [10] [11] Recently a large clinical trial with lacidipine, the European Lacidipine Study on Atherosclerosis (ELSA), has confirmed the anti-atherosclerotic activity of the drug in humans. The principal results showed that long-term antihypertensive treatment with lacidipine slowed down the progression of carotid intimamedia thickness (IMT) in hypertensive patients to a greater extent than treatment using the ␤-blocker atenolol. The greater anti-atherosclerotic action of lacidipine with respect to atenolol seemed to be independent of the blood pressure-lowering effect, as 24-hour ambulatory systolic and diastolic blood pressure reductions were slightly lower in lacidipine-treated than in atenolol-treated subjects. No significant difference between treatments was found in any cardiovascular events, although the relative risk for stroke, major cardiovascular events, and mortality showed a trend favoring lacidipine. 12 Lercanidipine is a new calcium antagonist with high lipophilicity and a chiral center. Its pharmacokinetic and pharmacodynamic characteristics are similar to lacidipine and it is classified as a once-a-day CA. Lercanidipine and lacidipine long duration of action are controlled by the tissue cell membrane compartment from which they are slowly released once they have distributed throughout the patient's body. 13 Therefore, these two lipophilic CA combine a relatively short plasma half-life, a gradual onset of action, and an intrinsically long duration of action. Lercanidipine has been previously shown to exert anti-atherosclerotic effects in rabbits; it reduced the hyperplasia and fatty streaks with a significant and dosedependent effect in the thoracic and abdominal aorta, but without affecting plasma cholesterol levels. This action was also observed with its R-enantiomer that has an affinity for calcium channels two orders of magnitude lower than lercanidipine. 14 In the present study we investigated the effects of lercanidipine on cellular functions involved in plaque stability, by evaluating its ability to inhibit cholesterol esterification, AcLDL-derived cholesterol accumulation, and metalloproteinases secretion in mouse peritoneal macrophages in culture and in human monocytes.
METHODS
Dulbecco minimum essential medium (DMEM), Penicillin-Streptomycin (10000 IU/ml-10000 UG/ml), and fetal calf serum (FCS) were purchased from GIBCO BRL (Life Technologies, Milan, Italy). Essentially fatty acid-free bovine serum albumin (EFAF) was obtained from Sigma Chemical Company (St. Louis, MO). Cell culture wells (35 mm, Multidish Nunclon) were obtained from NUNC (Roskilde, Denmark).
Cells
Mouse peritoneal macrophages (MPM) were obtained by peritoneal lavage from mice (BALB/c, Charles River, Calco, Italy), 3 days after intraperitoneal injection of thioglycollate. Cells (2-3 × 10 6 ) were plated in 35-mm wells with DMEM containing 10% FCS. After 2 hours, the dishes were washed to eliminate unattached cells and maintained in DMEM plus 10% FCS for 24 hours before use.
Circulating human monocytes were isolated from blood of healthy donors as previously described. 5 The monocytes were collected, washed, resuspended in serum free DMEM, and plated at a density of 3 × 10 6 cells in a 35-mm dish. After 2 hours, cell monolayers were washed twice and the adherent cells were incubated for 10 to 14 days with DMEM containing 10% human AB serum and insulin 8 µg/ml, to allow for differentiation in macrophages.
Experiments were performed at 37°C in serum free DMEM containing 0.2% EFAF and the indicated concentrations of drugs, in presence or absence of phorbol esters [phor bol-12-myristate-13-acetate (PMA), 50 ng/ml] or tumor necrosis factor-␣ (TNF-␣, 20 ng/ml) (Sigma Aldrich, St. Louis, MO).
Cellular protein content was measured according to Lowry et al. 15 Cellular viability was assessed using the dimethylthiazoldiphenyltetrazolium bromide (MTT) assay as described. 16 No cellular toxicity was observed at the drug concentrations tested.
Lipoprotein Preparation
Human LDL (d = 1.019-1.063 g/ml) were isolated from plasma of healthy volunteers by sequential ultracentrifugation (Beckman L5-50, Palo Alto, CA). 17 For acetylation, LDL were dialyzed against 0.15 M NaCl, pH 7.4, diluted with an equal volume of saturated Na acetate, and treated with acetic anhydride, according to Basu et al. 18 AcLDL were radiolabeled with [
]-CE-AcLDL) by incubation with serum containing the cholesteryl ester transfer protein. 19 All lipoproteins were sterile filtered.
Cholesterol Esterification Assay (ACAT Activity)
Cells were incubated with the drug and AcLDL (50 µg/ml) as indicated. Cholesterol esterification was measured after addition of [1- 14 C]oleic acid (0.68 µCi/sample) complexed with bovine serum albumin during the last 2 hours of incubation and subsequent determination of radioactivity associated with cellular cholesteryl esters. 20 At the end of incubation, cells were washed with phosphate-buffered saline (PBS) and lipids were extracted with hexane/isopropanol (3:2). The extracted lipids were separated by thin layer chromatography (TLC) (isooctane/diethyl ether/acetic acid, 75:25:2, vol/vol/vd). Cholesterol radioactivity in the spots was determined by liquid scintillation counting (Insta-Fluor, Packard, Groningen, The Netherlands).
Intracellular Distribution of Lipoprotein-Derived Cholesterol
Mouse peritoneal macrophages were incubated with lercanidipine for 30 hours and then with the drug and [
3 H]-CEAcLDL (30 µg protein/ml). The medium was subsequently discarded, cells were washed with PBS, and the lipids were extracted with hexane: isopropanol (3:2, vol/vol). Free and esterified cholesterol were partitioned by TLC and the radioactivity of the spots was determined by liquid scintillation counting (Insta-Fluor, Packard, Groningen, The Netherlands).
SDS Page Zymography
At the end of the incubation, the conditioned media were collected and MMPs gelatinolytic capacity was evaluated as described previously. 5 Briefly, samples underwent electrophoresis on polyacrylamide gels containing SDS and gelatin (1 mg/ml) under non-reducing conditions. After washes, the gels were incubated overnight at 37°C with gentle shaking in TRIS 50 mM pH 7.5 containing NaCl 150 mM, CaCl 2 10 mM, ZnCl 2 1 µM, to activate the metalloproteinase ability to digest the substrate. At the end of the incubation, the gels were stained with a solution of Coomassie brilliant blue R-250 (SigmaAldrich, Milan, Italy). Clear zones against the blue background indicated the presence of proteinolytic activity. It has been described that, in this type of SDS-containing gel, the latent form of MMP-9, the pro-MMP-9, and the activated gelatinase develop gelatinolytic activity 21 ; therefore, we used the word "activity" to indicate the potential total gelatinolytic capacity measured in the conditioned media. We have previously shown 5 that, in our experimental conditions, the gelatinolytic capacity is due entirely to the 92-kDa proMMP-9, as assessed by zymography and by Western blot analysis with a specific antibody against human MMP-9.
ELISA
The amount of secreted MMP-9 protein was quantified using the highly specific Biotrak™ Matrix Metalloproteinase-9 ELISA system (Amersham Pharmacia, Milan, Italy). The MMP-9 assay uses 2 antibodies directed against different epitopes of human MMP-9 and does not show detectable cross-reactivity with MMP-1, -2, and -3, and TIMP-1 and -2 (Amersham Pharmacia, Milan, Italy). Aliquots of conditioned media were analyzed as suggested by manufacturer.
Statistical Analysis
For quantitation of zymograms, densitometric scanning was performed using a system incorporating a video camera and a computer analysis package (NIH Image 1.52 image analysis software) as in reference 5. Each experiment was performed at least 3 times with different preparations of cells. Results were normalized by cellular protein content and expressed as optical density (O.D.) units.
Data are expressed as mean ± SD (SD). The results were analyzed by one way analysis of variance (ANOVA) for the comparison of multiple groups, followed by a Dunnet test.
RESULTS
Lercanidipine was evaluated for its effect on ACAT activity in mouse peritoneal macrophages. The results indicated that the drug was able to inhibit up to 90% in a concentrationdependent manner the formation of esterified cholesterol induced by AcLDL with an IC 50 of 2.37 µmol/l (Fig. 1) . We next evaluated the effect of lercanidipine on macrophage content of AcLDL-derived cholesterol. To this aim macrophages were incubated for 30 hours with lercanidipine, followed by an incubation with the drug and [
3 H]CE-AcLDL for an additional 18 hours. After the incubation period, cells were tested for their content of radioactive free, esterified, and total cholesterol. Results in Table 1 indicate that lercanidipine reduced both free and esterified cellular [ To investigate whether the inhibitory effect of lercanidipine was related to its calcium antagonist property, we evaluated the effect on ACAT activity of lercanidipine enantiomers and of four 1,4 DHPs: Rec 15/2513, 15/2516, 15/2520, 15/2550, in addition to the well-known dihydropyridine CA nitrendipine. These compounds differ or not in their ability to block calcium channels, lipophilicity, or the presence of ionizable amino group(s). Compounds with lower lipophilicity (15/2520 and nitrendipine) inhibited cholesterol esterification by less than 30%; the molecules with higher lipophilicity, instead, exerted a more evident effect (40 to 95%) ( Table 2) . No correlation was observed with compound affinities for calcium channels or with the presence of ionizable amino group.
We next evaluated the effect of lercanidipine on the secretion of MMP-9 by macrophages. MMP-9 is expressed by virtually all activated macrophages, and has been shown to be present in atherectomy materials from unstable angina. 22 Mouse peritoneal macrophages treatment of 24 hours with lercanidipine significantly reduced, in a concentration-dependent manner, the gelatinolytic activity of MMP-9 secreted from 10 to 50%, as assessed by gelatin zymography (Fig. 2) . The two enantiomers reduced macrophage gelatinolytic activity to the same extent (Fig. 3) . To better describe the base of this action, we measured lercanidipine effect on the gelatinolytic potential of MMP-9 already secreted. In this experimental condition, lercanidipine was ineffective (data not shown), suggesting that the reduced gelatinolytic activity measured by zymography is due to the inhibition of MMP-9 released by cells. To further confirm this, we measured directly the amount of FIGURE 1. Effect of lercanidipine on cholesterol esterification in mouse macrophages. Cells were incubated for 24 hours in DMEM+EFAF 0.2% and lercanidipine, then with lercanidipine and AcLDL for 24 hours. In the last 2 hours [ MMP-9 released by human macrophages incubated with lercanidipine, using an ELISA assay. In this experiment we showed a reduction of the amount of MMP-9 protein actually released by cells into the culture medium (control 0.301 ± 0.06, lercanidipine 5 µM 0.199 ± 0.006 ng MMP-9/µg cellular protein; P < 0.01).
In our experimental conditions, macrophages also secreted MMP-2, the constitutive form of the gelatinases. Lercanidipine also inhibited, in a concentration-dependent man ner, the gelatinolytic activity of MMP-2, from 20 to 95% (Fig. 2) .
As reported in Table 3 , the drug was still effective in activated murine macrophages, when metalloproteinases expression was stimulated by treatment with TNF-␣, or in human macrophages stimulated by treatment with phorbol esters.
The concentrations of lercanidipine active in all the above experiments were higher than its plasma concentrations observed in humans (in the range of nM). Since lercanidipine is slowly released from the plasma membrane, we hypothesized that the drug could require some time to equilibrate within the intracellular pools where it could exert its inhibitory activity on macrophage functions. To investigate this aspect, cells were incubated with lercanidipine for 24 hours and then the drug was removed from cells. The evaluation of cholesterol esterification was performed 48 hours afterward. The results indicated that in these conditions lercanidipine not only maintained its inhibitory activity, but it was also more potent than what was observed with shorter experiment duration. In fact, a 60% inhibition of ACAT activity was seen at a concentration as low as 1 nM (Fig. 4) . At the same concentration we also observed an inhibition of metalloproteinases gelatinolytic activity (50% and 65% for MMP-9 and MMP-2, respectively; Fig. 5 ). 
DISCUSSION
Lercanidipine is a once-a-day calcium antagonist of the third generation. As reported for lacidipine, its long duration of action is due to its high lipophilicity. In the present study we showed that lercanidipine inhibited in a concentrationdependent manner cholesterol esterification in macrophages in culture. Similar to what was observed with lacidipine, this effect was observed also in a cell free homogenate (data not shown), confirming the ability of these compounds to directly interfere with the ACAT enzyme. Interestingly, lercanidipinetreated cells exposed to radioactive cholesteryl esters labeled AcLDL had a reduced content of both free and esterified radioactive cholesterol as compared with control. This result indicates that, despite the inhibitory action of lercanidipine on cholesterol esterification, the drug did not induce accumulation of cholesterol in the free fraction and cells exposed to the drug had a reduced ability to accumulate lipoprotein-derived cholesterol. This observation suggests that lercanidipine inhibitory effect on cellular cholesteryl ester formation is not entirely due to a direct ACAT inhibition, but additional mechanisms should be envisioned. This conclusion is supported by our observation that the addition of lercanidipine (10 −6 M) to macrophages incubated with the specific ACAT inhibitor (3-FIGURE 3. Effect of lercanidipine enantiomers on MMP-9 activity in mouse macrophages. Cells were incubated for 24 hours in DMEM+EFAF 0.2% and lercanidipine enantiomers. The gelatinolytic activity of MMP-9 in the media was analyzed by gelatin zymography. *P < 0.05; **P < 0.01 versus control. ) without any increase in the free form. This effect could be explained by a possible increase in cholesterol efflux, a hypothesis supported by Robenek and Schmitz 23 and, more recently, by Suzuki et al, 24 who showed that calcium antagonists may increase cellular cholesterol release by different mechanisms.
We previously demonstrated that lacidipine, but not nifedipine, was able to inhibit cholesterol esterification in cell culture. 9 This led to the hypothesis that the lipophilic properties of the former were involved in the drug inhibitory activity, independently of the affinity for calcium channels. In this study, we compared the effect on cholesterol esterification of the highly lipophilic lercanidipine with those of its two enantiomers and with a series of dydrophyridine derivatives with different degree of lipophilicity, affinity for the calcium channels, and containing or not a charged amino group. According to the previous hypothesis, both lercanidipine's enantiomers were active despite their different calcium channel blockade properties and the results suggested the involvement of lipophilicity as a necessary property for the inhibitory activity of cellular esterification, but not of calcium channel blockade. Since the activity of ACAT is sensitive to variations in the lipophilicity and composition of the biophase, 25 the presence of the drug could alter the availability of the substrate for the enzyme. However, other structural characteristics of the molecules seem to be involved, as suggested by the differences in efficacy and potency among compounds in the high range of lipophilicity. In particular a stereospecific mechanism for ACAT inhibition and the influence of ionizable amino group(s) could be envisioned.
Lercanidipine and both its enantiomers were also equally effective in reducing the gelatinolytic activity, measured in the media of treated macrophages, again suggesting an effect independent of calcium channels blockade. The effect of lercanidipine on gelatinolytic activity in the extracellular media is consequent to the decreased secretion of MMP-9 by cells. This observation is supported by the evidence that lercanidipine was not able to interfere directly with the gelatinolytic potential of media once the proteolytic enzymes have been already secreted and by the reduction of the actual amount of MMP-9 present in the incubation media, as measured by ELISA. This conclusion is entirely consistent with our previous observation obtained using lacidipine. 10 Previous studies demonstrated that lacidipine and lercanidipine may exert direct effects on the arterial wall in rabbits at doses that give drug plasma concentrations similar to those observed in humans. 9, 11, 14 Recently, Zanchetti et al 12 demonstrated that lacidipine in men reduced IMT progression and plaque number to a greater extent than atenolol, despite a similar efficacy in blood pressure-lowering. The latter observations indicate that the direct effect of lipophilic CA on the arterial wall, demonstrated in the above-mentioned experimental models, may be relevant also to the clinical practice. However, the potential anti-atherosclerotic effects previously reported in cell cultures with lacidipine and, in similar experimental conditions (ie, 24 hours' incubation) with lercanidipine in the present study, occurred only at concentrations of the drugs that were 2 to 3 orders of magnitude higher then those measured in plasma, raising the question if the in vitro observations could be relevant to the in vivo effects obtained both in rabbits and in humans. Previously published data showed that lercanidipine reduction of the contractility of aorta strips persisted for several hours after removal of the compound from the bath. 26 In addition we observed that lacidipine inhibitory effect on MMPs secretion by macrophages was maintained up to 48 hours after removal of the drug from the incubation media. 10 In the present study we show that lercanidipine retains its ability to inhibit cholesterol esterification and MMP secretion in macrophages even at 2 days after wash out. In this experimental condition, the initial active concentrations of the drug were as low as 10 −9 M, a concentration 2 to 3 orders of magnitude lower than in shorter experiments and similar to that observed in human plasma. 27 This result suggests that once the drug has reached the plasma membrane, it slowly equilibrates within the intracellular pools where it may exert its inhibitory action on ACAT activity or MMP secretion. Therefore, lercanidipine may exert cellular effects in vitro at concentrations similar to those observed in clinical practice, as long as the drug has the time to reach the intracellular sites of action, a condition that occurs during therapy with this drug. FIGURE 5. Effect of lercanidipine 1 nM on MMPs gelatinolytic activity in mouse peritoneal macrophages after a period of washout. Cells were incubated for 24 hours in DMEM+EFAF 0.2% and lercanidipine 1 nM; then with a drug-free medium for 48 hours. The gelatinolytic activity of MMPs in the media was analyzed by gelatin zymography as described in Methods.
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CONCLUSION
In conclusion, our present study demonstrates that lercanidipine, at concentrations similar to those occurring in clinical practice, may inhibit in vitro macrophage functions involved in atherogenesis and plaque stability. These observations may in part explain the direct anti-atherosclerotic action of lipophilic calcium antagonists reported in animal models and in humans.
